Species demarcation in Bacteria and Archaea is mainly based on overall genome relatedness, which serves a framework for modern microbiology. Current practice for obtaining these measures between two strains is shifting from experimentally determined similarity obtained by DNA-DNA hybridization (DDH) to genome-sequence-based similarity. Average nucleotide identity (ANI) is a simple algorithm that mimics DDH. Like DDH, ANI values between two genome sequences may be different from each other when reciprocal calculations are compared. We compared 63 690 pairs of genome sequences and found that the differences in reciprocal ANI values are significantly high, exceeding 1 % in some cases. To resolve this problem of not being symmetrical, a new algorithm, named OrthoANI, was developed to accommodate the concept of orthology for which both genome sequences were fragmented and only orthologous fragment pairs taken into consideration for calculating nucleotide identities. OrthoANI is highly correlated with ANI (using BLASTn) and the former showed approximately 0.1 % higher values than the latter. In conclusion, OrthoANI provides a more robust and faster means of calculating average nucleotide identity for taxonomic purposes. The standalone software tools are freely available at http://www.ezbiocloud.net/sw/oat.
INTRODUCTION
The genome is the ultimate source of information for taxonomic purposes and its use has been accelerated significantly thanks to advances in high-throughput DNA sequencing technologies (Chun & Rainey, 2014) . Currently, the major application of genome sequence data in bacterial taxonomy is to measure overall genomic relatedness between two strains, which also serves as the framework for the species concept (Rosselló -Mó ra & Amann, 2015) . The DNA-DNA hybridization (DDH) method has been regarded as the gold standard for the last few decades (Wayne et al., 1987) , despite the fact that it is only an indirect measure of genome sequence similarity, error-prone and labour-intensive (Johnson & Whitman, 2007) . Since whole-genome sequencing is readily available for general microbiology laboratories, several overall genome relatedness indices (OGRI) have been developed to replace the problematic DDH methods. In general, OGRI algorithms are used to calculate similarity between two genome sequences without gene-finding and functional annotation steps, therefore they tend to be more objective, reproducible, fast and easy-to-implement.
Among various ORGI, average nucleotide identity (ANI) has been the most widely used (Beaz-Hidalgo et al., 2015; Li et al., 2015; Rosselló -Mó ra & Amann, 2015; Stropko et al., 2014; Yi & Chun, 2015) . ANI was first introduced to mimic the process of experimental DDH and thereby also called as digital version of DDH (Goris et al., 2007; Konstantinidis & Tiedje, 2005) . ANI values can be obtained using either BLASTn or MUMMER software (Richter & Rosselló -Mó ra, 2009 ) and the former is much widely used for taxonomic purposes (Kim et al., 2014; Rosselló -Mó ra & Amann, 2015; Stropko et al., 2014; Yi & Chun, 2015) . Recently, Li et al. (2015) suggested that MUMMER is not suitable for ANI calculation. Therefore, we use the term ANI for the technique based on BLASTn in this study.
ANI is calculated from two genome sequences (of the query and subject strains) as follows: First, the genome sequence of the query strain is divided into 1020 bp-long sequences (fragments). Second, each fragment is searched against the whole genome sequence of the subject strain using NCBI's BLASTn program (Altschul et al., 1997) . In this process, the BLASTn program calculates nucleotide identity values between fragments of the query strain and the genome of the subject strain. Average nucleotide identity is the mean of these nucleotide identity values.
It has been known that reciprocal DDH values between two strains are often not the same, therefore not symmetrical, when DDH methods use labelled DNA (Johnson & Whitman, 2007 , Tindall et al., 2010 . Since the theoretical concept of ANI derives from DDH, this may be also true for ANI. In other words, ANI of strain A (as query) to strain B (as subject) may be different from that of strain B (as query) to strain A (as subject). A reasonable practice would be to use the mean of two reciprocal ANI values, even though there is no theoretical basis for this, or for choosing either value. In this study, we investigate this problem and propose a new algorithm, called OrthoANI (Average Nucleotide Identity by Orthology), which can replace the original ANI.
METHODS
Dataset. A total of 14 745 genome sequences representing members of 10 genera (Acinetobacter, Bacillus, Enterococcus, Escherichia, Mycobacterium, Pseudomonas, Salmonella, Staphylococcus, Streptococcus and Vibrio) were selected from the EzBioCloud Genome database (http://www.ezbiocloud.net/) in which low quality and potentially contaminated genomes were checked and excluded. These genera were chosen as they contain the largest numbers of genomes.
Calculation of the original ANI values. Since calculating all possible pairs in our dataset was not computationally possible, we randomly selected genome pairs belonging to the same genus. The final dataset contained 63 690 genome pairs. For the ANI calculation, we used the previously described algorithm (Richter & Rosselló -Mó ra, 2009 ) except that NCBI BLASTn+ was used instead of the legacy BLASTn package. The reciprocal ANI values were obtained for each of the genome pairs.
OrthoANI algorithm. The algorithmic schema to calculate OrthoANI between two genomes is given in Fig. 1 , which consists of three steps. First, both genome sequences were cut into consecutive 1020 bp-long fragments. Any fragments less than 1020 bp in size were omitted and ignored. Second, all fragments were searched and nucleotide identities were calculated using the BLASTn program. In this study, we used NCBI-BLASTn+ (version 2.2.30) with the following parameters: -task5BLASTn, -dust5no, -xdrop_gap5150, -penalty521, -reward51 and -evalue51.0e
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; the rest of the parameters that could affect the result were set to default. Third, orthologous fragments between two genomes were identified when they showed reciprocal best hit in BLASTn searches. Because BLASTn is based on local alignment, we chose local alignments (also called HSP) with at least 35 % of the total length of the fragment (i.e. 357 bp out of 1020 bp); this cut-off value is set to match the value of 70 % suggested by Goris et al. (2007) in which only one genome sequence is fragmented. In contrast, both genome sequences are fragmented for OrthoANI. Since nucleotide identities can be obtained reciprocally, these were averaged to give average nucleotide identity of an orthologous fragment pair. The genome-wide nucleotide identity value was finally calculated as the average of identity values among all orthologous fragment pairs between two genomes.
Statistical analysis. Statistical analysis was performed to investigate the correlation between the original ANI and OrthoANI values using the R package (https://www.r-project.org).
Implementation and availability. The OrthoANI algorithm is implemented in JAVA programming language and is provided as two different software types: OAT (Orthologous ANI Tool) is a graphical user interface program that can be used interactively on personal computer environments and provides the functionality of performing UPGMA clustering. OAT_cmd is a command-line program that can be integrated into the user's own bioinformatics pipeline. In addition to OrthoANI, it also offers the calculation of GGDC genome-relatedness values (Meier-Kolthoff et al., 2013) . Both software tools are freely available at http://www.ezbiocloud.net/sw/oat.
RESULTS AND DISCUSSION
Like DDH methods based on labelled DNA, ANI is not symmetrical. Indeed, 55 % of 63 690 genome pairs examined in this study exhibited over 0.1 % discrepancy between reciprocal ANI values. Moreover, 1101 pairs showed more than 1 % discrepancy with the highest being 4.15 % (Tables S1 and S2, available in the online Supplementary Material and Fig. 2 ). Given that approximately 95-96 % ANI values are considered as the species boundary (Chun & Rainey, 2014; Goris et al. 2007; Richter & Rosselló -Mó ra, 2009 ), this level of discrepancies is significant enough to affect subsequent taxonomic interpretation. We also obtained reciprocal nucleotide identities values using ANI calculator (http://enve-omics.ce.gatech. edu/ani/) and Jspecies (http://imedea.uib-csic.es/jspecies/) for 100 genome pairs (Table S3) . In general, all software tools do not provide exactly identical values, albeit they provide very similar values.
To resolve this problem, we developed a new ANI algorithm, named 'OrthoANI', to include the concept of orthology (Fig. 1) . Unlike the original ANI, reciprocal OrthoANI values are always identical because of its algorithmic nature. The correlation between the original ANI and OrthoANI is very high (R 2 50.9998 for whole range and R 2 50.9995 for w90 % OrthoANI range; Fig. 3) . OrthoANI values are slightly higher (approximately0.1 %) than the original ANI values in the range of approximately 95-96 %.
The computing time required for calculating OrthoANI between two genomes is 1.3-4-fold less than reciprocal original ANI, when tested on a desktop personal computer (Table S4 ). The degree of speed-up depends on the number of threads, length of the contigs and the overall genome sizes. In general, more threads and longer contigs result in a higher speed-up while the overall size of the genome is inversely proportional to the speed-up. Therefore, OrthoANI should be better suited to large scale comparison studies.
Several early studies recommended ANI value of approximately 95-96 % as cut-off for species demarcation (Goris et al., 2007; Richter & Rosselló -Mó ra, 2009 ). Since OrthoANI in this range is only slightly higher than original ANI, we also recommend a similar range of cutoffs. It is also worth noting that ANI and OrthANI do not provide good measures for distantly related genomes (Kim et al., 2014; Rosselló -Mó ra & Amann, 2015) . For example, they should not be used to compare genomes belonging to different genera. In conclusion, we proposed a modified version of ANI, named OrthoANI, to solve the problem of reciprocal inconsistency of the original ANI algorithm. Moreover, this new measure of genomic relatedness correlates well with the original ANI and can be readily used for taxonomic purposes. Like original ANI, it does not require gene-finding and functional annotation processes, allowing simple, reproducible and standardized procedures for taxonomic uses. With the easy-to-use GUI version and command-line version for large-scale computation, the algorithm should be accessible to all levels of microbiologists and students.
